Introduction 61
The skin microbiome includes numerous microorganisms that establish a variety of direct 62 and indirect interactions characterized by the exchange of genetic material that impact microbial 63 biology contributing to their speciation and evolution. Malassezia is the most abundant fungal 64 genus resident on the skin of all warm-blooded animals, representing more than 90% of the skin phylogenetic tree was reconstructed using >2000 Yhb1 bacterial and fungal sequences retrieved 135 from GenBank. This phylogenetic analysis revealed two clades of flavohemoglobin within 136
Malassezia genus: clade 1 that includes 13 species and clusters together with Brevibacterium 137 species belonging to Actinobacteria; and clade 2 that includes M. yamatoensis and M. slooffiae 138 and clusters together with different Actinobacteria with the closest relative being Kocuria 139 kristinae ( Fig. 1 A-C) . To evaluate the statistical phylogenetic support for the two Malassezia 140 flavohemoglobin clades whose distribution was not monophyletic, we performed approximately 141 unbiased (AU) comparative topology tests. The constrained ML phylogeny, in which all 142
Malassezia flavohemoglobins were forced to be monophyletic was significantly rejected (AU 143 test, P value = 0.001, Fig. 1D ), thus not supporting the null hypothesis that all flavohemoglobin 144 genes in Malassezia have a single origin. 145
To validate this further, a region of ~30 kb surrounding the flavohemoglobin encoding 146 gene in all sequenced Malassezia species was subjected to synteny comparison ( Fig. 1E-F) . 147
Overall this region was highly syntenic across species, with the exception of some lineage-148 specific rearrangements located upstream of YHB1 (Fig. 1F ). Remarkably, while the same 149 regions were also highly conserved in M. yamatoensis and M. slooffiae, they both lacked the 150 flavohemoglobin-encoding gene, which is instead located in a different, non-syntenic, regions of 151 their genomes ( Fig. 1F and Fig. S1 ). Therefore, both phylogenic and synteny comparisons 152 strongly support the hypothesis that Malassezia flavohemoglobin genes were acquired through 153 independent HGT events from different bacterial donor species. We named the flavohemoglobin 154 of clade 1 Yhb1 following the S. cerevisiae nomenclature 15 , and that of M. yamatoensis and M. 155 slooffiae Yhb101 (clade 2). The two different flavohemoglobins protein sequences share 38% 156 identity ( Fig. S2) . 157
Because several studies suggest that genomic regions flanking horizontally-acquired 158 genes are enriched in DNA transposons and retrotransposons 16,17 , a 5 kb region surrounding the 159 flavohemoglobin-encoding genes was analyzed in two Malassezia species representative of clade 160 1 (M. sympodialis) and clade 2 (M. slooffiae). Dot plot comparisons revealed overall high co-161 linearity with the common flanking genes encoding a hypothetical protein and Nsr1 (Fig. S3A) . 162
Interestingly, a highly repetitive sequence that shares similarity with the long terminal repeat 163 (LTR) Gypsy was identified in the NSR1 gene flanking YHB1 (Fig. S3A-B ), and we speculate 164 that this LTR-like region might have facilitated the non-homologous end joining (NHEJ) 165 integration of the bacterial YHB1 gene into the Malassezia common ancestor. 166
The flavohemoglobin-encoding gene YHB101 in M. yamatoensis and M. slooffiae seems 167 to have been acquired from the same bacterial donor lineage ( Fig. 1A-C ), although its genomic 168 location is not syntenic in these two species ( Fig. 1E-F ). In particular, M. slooffiae YHB101 is 169 located in a region that is otherwise highly conserved across Malassezia (Fig. S1A-B ), and is 170 devoid of transposable elements or repetitive regions that could facilitate NHEJ of YHB101 (Fig.  171   S1B) . In contrast, M. yamatoensis YHB101 located at the end of a chromosome and its adjacent 172 genes are not syntenic in other Malassezia species, with the exception of a more distant group of 173 five genes (from JLP1 to MSS1) (Fig. S1C ). In other Malassezia species (eg M. japonica, M. 174 slooffiae, M. sympodialis) these five genes are subtelomeric, suggesting that chromosomal 175 rearrangement might have contributed to generate the unique rearrangement of genes 176 surrounding M. yamatoensis YHB101 (Fig. 1E; Fig. S1C ). The M. sympodialis yhb1Δ mutant exhibits hypersensitivity to the DetaNONOate and sodium nitrite (NaNO 2 ) but not to hydrogen peroxide (H 2 O 2 ) ( Fig. 2A ). The 196 two identified Malassezia flavohemoglobins Yhb1 and Yhb101 were used to generate GFP 197 fusion proteins whose expression was driven by the respective endogenous promoter and 198 terminator to complement the M. sympodialis yhb1Δ mutant phenotype and to assess protein 199 localization ( Fig. S4B ). Reintroduction of either flavohemoglobin in the M. sympodialis yhb1Δ 200 mutant restored resistance to nitrosative stress at the WT level ( Fig. 2A ). In agreement, fusion 201 protein expression in complemented strains was confirmed both by qPCR ( Fig Next we tested whether the yeast flavohemoglobin was able to actively detoxify NO, 207 which could potentially account for its involvement in nitrosative stress resistance. To this aim, 208
we adapted a biochemical assay used for evaluating NO consumption in red blood cells and 209 plasma 20 to the commensal yeast Malassezia (File S2). As shown in Figure 2C , while the M. 210 sympodialis WT strain exhibited robust and dose-dependent NO degradation, the yhb1Δ mutant 211 showed no NO consumption. Complemented strains were able to actively consume NO, although 212 M. sympodialis yhb1Δ + YHB101-GFP displayed a lower NO consumption, corroborating the 213 results of the phenotypic assay, GFP expression, and FACS analysis ( Fig. 2A-C) . These 214 differences might be due to less efficient cross-species complementation of the M. yamatoensis 215 Yhb101-GFP fusion protein in the yhb1Δ mutant of M. sympodialis, which was a strategy chosen 216 because of the lack of protocols for gene deletion in M. slooffiae and M. yamatoensis. Taken 217 together these genetic and biochemical analyses show that the bacterially-derived 218 flavohemoglobin protect Malassezia from nitrosative stress by decreasing toxic levels of NO. 219
To assess intracellular production of NO by M. sympodialis, cells were stained with the 220 NO-specific dye 4-Amino-5-methylamino-2 ,7 -diaminofluorescein diacetate (DAF-FM DA), 221 which passively diffuses across membranes and emits increased fluorescence after reacting with 222 NO. Fluorescent microscopy revealed intracellular accumulation of NO in both the WT and 223 yhb1Δ mutant of M. sympodialis (Fig. 2D ). NO-staining was quantified by FACS analysis, 224 revealing significantly higher NO accumulation in the flavohemoglobin mutant yhb1Δ compared 225 to the M. sympodialis WT ( Fig. 2E-F ). Because DAF-FM DA and GFP have similar 226 excitation/emission spectra, complemented strains could not be tested for NO accumulation via 227 flow cytometry, and therefore an independent M. sympodialis yhb1Δ mutant was tested and 228 yielded similar results. These results indicate that the lack of a functional flavohemoglobin leads 229 to intracellular accumulation of NO. 230
Finally, a broader analysis was performed to assess other functions of the Malassezia 231 flavohemoglobins in response to a variety of environmental stresses and clinical antifungals, but 232 in all cases the M. sympodialis yhb1Δ mutant phenotype was not significantly different from the 233 WT ( Fig. S5 ). Several studies also report the protective role of both bacterial and fungal 234 flavohemoglobins against NO under anaerobic conditions 9,15,21 . However, we could not confirm 235 this function for the Malassezia flavohemoglobin in our anaerobic experiment ( Fig. S6 full-coding YHB1 gene ( Fig. S7A ). Phenotypic analysis revealed no significant difference in 251 resistance to nitrosative stress by the three M. nana strains, with only a modestly increased 252 sensitivity displayed by CBS9557 exposed to sodium nitrite ( an additional threshold of log 2 FC +/-0.5 we found 3 upregulated and 9 downregulated genes 274 ( Fig. 3A ; Tables S1-S2). The only upregulated gene with log 2 FC > 1 encodes an uncharacterized 275 protein (MSYG_1280), while two others with log 2 FC < 1 encode Nop56 (or Sik1), a nucleolar 276 protein involved in pre-rRNA processing, and an uncharacterized protein (MSYG_0148) 277 predicted to be involved in magnesium transport. Other known upregulated genes with log 2 FC < 278 0.05 are involved in response to stresses and transport (Table S1 ). The majority of 279 downregulated DEGs include those encoding hypothetical proteins (6 out of 9), the regulator of 280 phospholipase D Sfr1, two MalaS7 allergens, and an uncharacterized allergen. It is worth noting 281 that a large number of differentially expressed genes (DEGs) are predicted to encode unknown 282 proteins, suggesting novel and unknown signaling pathways regulated by endogenous NO in 283
Malassezia (Table S1-S2). 284
Next, to elucidate the global transcriptomic response of M. sympodialis exposed to 285 nitrosative stress, RNAseq analysis for M. sympodialis WT cells treated with the NO-generating 286 agent sodium nitrite was performed. Compared to the untreated control, 112 genes were 287 upregulated and 50 were downregulated (FDR<0.05; log 2 FC +/-0.5) ( Fig. 3B ). The most 288 represented classes of upregulated genes include those involved in stress resistance, cellular 289 detoxification and transport, and metabolism. The most expressed genes included HEM1 290 involved in the heme biosynthetic process, DAL2, DAL4 and DCG1 involved in nitrogen 291 metabolism, RAD57 involved in DNA repair, the general amino acid permease GAP1, an 292 uncharacterized lipase, and an uncharacterized oxidoreductase. The flavohemoglobin-encoding 293 gene YHB1 was significantly upregulated for false discovery rate (FDR) <0.05, but it had low 294 expression level (log 2 FC = 0.33). Lower expression of YHB1 was also observed in S. cerevisiae 295 cells exposed to nitrosative stress 23 , although its role in NO consumption has been well 296 characterized 15 . Four transcription factors were upregulated (HSF1, UPC2, BAS1 and HMS1), 297 and the heat shock transcription factor Hsf1 might be the key candidate that activates nitrosative 298 stress responsive genes (Table S3 ), given its known role in response to stresses in other 299 fungi 24, 25 . 300
The most represented GO category of downregulated genes encodes integral components 301 of membrane, which includes transporters and putative Malassezia allergens; other 302 downregulated genes are involved in calcium metabolism, protein folding, and proteolysis. Two 303 transcription factors were downregulated, and they include the pH responsive Rim101, and an 304 uncharacterized bZIP transcription factor ( Fig. 3C , Table S4 ). 305
Comparison of the two different RNAseq dataset revealed two common upregulated 306 genes, encoding the glycerol dehydrogenase Gcy1 and the catalase Cta1, and 10 downregulated 307 genes that include 4 Malassezia allergens, a putative secreted lipase, and 5 hypothetical proteins 308 ( Fig. 3D ). While it is not surprising to find upregulation of a detoxifying enzyme such as 309 catalase, it is intriguing to find downregulation of genes encoding predicted pathogenicity 310
factors. 311
Malassezia flavohemoglobin has characteristic features of both bacterial and fungal 312 flavohemoglobins. We hypothesized that if a protein is acquired by HGT its structure will likely 313 remain fairly similar to that of the donor organism in order to retain its original function. 314
Attempts to resolve the crystal structures of both Malassezia flavohemoglobins were carried out, 315 but only the M. yamatoensis flavohemoglobin Yhb101 formed crystals to be analyzed. The 316 structure was determined de novo by SAD phasing off the heme-iron bound to the globin domain 317 of the protein (Table S5 ). The flavohemoglobin structure is highly conserved with previously 318 characterized structures of this enzyme family and consists of an N-terminal globin domain 319 coordinating an iron-bound (Fe 2+ ) heme and a C-terminal reductase domain with both FAD-and 320 NAD-binding sub-domains, of which only FAD is bound ( Fig. 4A ). An overlay of a 321 flavohemoglobin structure from E. coli and S. cerevisiae on the M. yamatoensis crystal structure 322 highlights conserved binding sites between the proteins (Fig. 4B ). Alignment of the globin 323 domains between literature and experimental structures resulted in an RMSD value of 1.532Å for 324 E. coli and 1.434Å for S. cerevisiae, mostly resulting from slight shifts in the D-loop and E-helix 325 between the structures compared. Common among all of the structures analyzed is the histidine 326 residue coordinating with the heme iron from the proximal side. This member of the catalytic 327 triad is supported by tyrosine (Tyr98) and glutamate (Glu140) residues conserved in sequence 328 and structure between bacterial, and fungal/yeast flavohemoglobins 26, 27 . In M. yamatoensis, as 329 also observed in E. coli, the heme iron is ligated by 5 atoms: 4 from the heme and His88 from the 330 F-helix. Substrates commonly bind on the distal side of the heme and lead to a conformational 331 change in the planarity of the heme molecule. The E-Helix on the distal side of the heme 332 molecule contributes Leu58, a conserved residue which approaches the heme-bound iron from 333 3.7Å away. At this position, the 6 th coordination site for the iron is occluded, again similar to the 334 E. coli crystal structure, but unlike the yeast structure where a three-atom small molecule co-335 crystallized. In addition, Tyr29 and Gln53, shown to be important in coordination of ligands and 336 the heme, respectively, are conserved in sequence and structure. 337 were also found in the cofactor binding sites of the reductase domain, in particular, 1) the 363 isoalloxazine FAD binding site was different between the two Malassezia flavohemoglobin, with 364 RQYS being the Yhb1 motif, in common also with other bacterial flavohemoglobins (E. coli and 365 Salmonella) 9 , and RQFT being that of the Yhb101, which is also shared with the putative donor 366 bacteria (K. kristinae); and 2) the nicotinamide adenine dinucleotide (NADH) motif being 367 GIGXT for Yhb1, and GIGVT for Yhb101 (File S3). 368 369 Malassezia flavohemoglobins are not required for survival on the host. Previous studies in 370 human fungal pathogens indicate that flavohemoglobins are required for pathogenesis 28, 29 . In our 371 experiments we found that M. sympodialis WT, yhb1Δ mutant, and yhb1Δ + YHB1 and yhb1Δ + 372 YHB101 complemented strains have similar levels of survival within activated macrophages 373 ( Fig. 5A-B ). This result is in contrast with previous findings in C. neoformans 28 , but it 374 corroborates results obtained in A. fumigatus 30 . Further, the recently developed murine model for 375
Malassezia skin infection 5 was utilized to test pathogenicity of the flavohemoglobin strains and 376 the induction of host response. Corroborating ex vivo data, we found no differences both in 377 terms of host tissue colonization and host inflammatory response for the yhb1Δ mutant compared 378 to the complemented strains ( Fig. 5C-E, Fig. S8 ). In agreement, there were no differences 379 between WT and Nos2-/-mice when challenged with M. sympodialis WT ( Fig. 5F-H, Fig. S10 ). 380
These results suggest that flavohemoglobin is not required for pathogenesis of Malassezia in an 381 experimental skin model. 382
Lastly, several attempts were also carried out to test survival of M. sympodialis WT and 383 flavohemoglobin strains within the GI tract of WT and Nos2-/-mice. Because of the high amount 384
of NO produced in the GI tract of mice during inflammation 31 , and the recently-reported 385 involvement of Malassezia restricta in Crohn disease 6 , we hypothesized that the 386 flavohemoglobin would be required for M. sympodialis survival in GI tract during inflammation. 387
We followed the protocol developed for GI tract colonization by M. restricta 6 , but unfortunately 388 we could never recover any M. sympodialis colony. For this reason, whether Malassezia 389 flavohemoglobin is required for survival within the GI tract could not be determined. 390 391 Analysis of Malassezia genomes revealed extensive HGT events from bacteria. Given the 392 gain of function due to acquisition of the bacterially-derived flavohemoglobins by Malassezia 393 species, we sought to identify additional HGT candidate genes in the Malassezia genus. In a 394 previous study, 8 HGT events were identified in M. sympodialis, and then their presence was 395 assessed in other species within the genus 3 . In the present study we applied a previously 396 described analytical pipeline 32 based on three HGT metrics -the HGT index 33 , the Alien Index 397 (AI) 34 and the Consensus Hit Support (CHS) 35 -to identify novel genus and species-specific 398 HGT events. Our goal was not to explicitly establish the evolutionary history of individual genes, 399 but rather to estimate bacteria-derived HGT candidates for the complete set of Malassezia 400 genomes. Besides recovering the YHB1 and YHB101 genes as an HGT candidate, this analysis 401 identified in addition a total of 30 HGT candidate genes ( Fig. 6 and Table S6 ), seven of which in 402 common with the previous study. HGT candidates found in the majority of the Malassezia 403 species include genes involved in broad oxidative stress resistance, such as catalase and 404 oxidoreductases, found in some cases in multiple copies. Other examples include a 405 deoxyribodipyrimidine photo-lyase predicted to be involved in repair of UV radiation-induced 406 DNA damage, and a class I SAM-dependent methyltransferase potentially modifying a variety of 407 biomolecules, including DNA, proteins and small molecule secondary metabolites. Another 408 interesting HGT candidate is the gene encoding a septicolysin-like protein, which is known as a 409 pore-forming bacterial toxin that might play a role as virulence factor 36,37 . This gene is absent in 410 all Malassezia species phylogenetically related to M. sympodialis, and is present as five copies in 411 M. globosa. Furthermore, a large number of HGT events unique to Malassezia species of clade A 412 were found, and the acquired genes encode a variety of proteins with different functions, such as 413 hydrolysis, protein transport and folding, detoxification of xenobiotics, and resistance to stresses. 414
Finally, 12 of the HGT candidates identified were unique to certain Malassezia species. An 415 intriguing case is M. japonica for which we found four unique HGT candidates, one of them 416 found in 3 copies. These genes encode orthologs of the fungal Gre2 protein, which is known to 417 be involved in responses to a variety of environmental stresses 38, 39 . 418
419
Discussion 420
In the present study we report the functional characterization of two Malassezia 421 flavohemoglobin encoding genes that were independently acquired through HGT from 422 different Actinobacteria donors. Our experimental analyses demonstrate that both bacterially-423 derived flavohemoglobins are involved in nitrosative stress resistance and NO degradation, 424 consistent with its known functions in bacteria and fungi 9 . 425
Although the mechanisms of HGT in fungi are not fully understood, several possible 426 mechanisms have been reported 16,40 . One such mechanism is gene acquisition through 427 conjugation, which requires contact between bacterial donor and fungal recipient 40 . For the 428 HGT events that mediated flavohemoglobin acquisition by Malassezia, the closest 429 phylogenetic donors are Actinobacteria that are part of the mammalian microbiome and hence 430 share the same ecological niche with Malassezia. A dilemma that is common to all HGT 431 events is that if a gene is required for survival in a certain condition, its transfer in that 432 condition is in theory unfeasible 41 . Because NO is synthesized by the mammals, including by 433 the skin 42 supported HGT candidates and analyzed further ( Figure 6 and Table S6 ). When a given HGT 569 candidate was detected in more than one, but not all the species, TBLASTN searches were used 570 to distinguish between bona fide gene losses or genome mis-annotation. For yhb1Δ functional complementation, three different GFP-fusion plasmids were generated. 578
The promoter (~500 bp upstream) and terminator (~200 bp downstream) of the M. sympodialis 579 histone H3 gene were identified in the genome assembly though BLASTp analysis with the S. 580 cerevisiae H3 as query, and amplified by PCR. The GFP was amplified from plasmid pSL04 60 , 581 and the NEO marker from plasmid pAIM5 18 . The M. sympodialis YHB1 ORF, the endogenous 582 M. sympodialis YHB1 gene including its native promoter and terminator, or the endogenous M. 583 yamatoensis YHB101 gene including its native promoter, were amplified by PCR using chimeric 584 primers that generated recombination sites that allowed T-DNAs assembly in the following 585 order: plasmid pGI27 was pH3, GFP, YHB1, tH3, NEO; plasmid pGI35 was pYHB1, YHB1, 586 GFP, tYHB1, NEO, and it is referred as YHB1-GFP; plasmid pGI31 was pYHB101, YHB101, 587 GFP, tH3, NEO, and it is referred as YHB101-GFP. For functional complementation, PCRs were 588 performed using HF Fusion Taq according to manufacturer's instructions. Plasmids were 589 recombined through in vivo recombination in S. cerevisiae 18 . Correct plasmids were identified 590 by PCR and introduced into the A. tumefaciens EHA105 strain by electroporation, and the 591 transformants selected on LB + 50 µg/ml kanamycin. 592 M. sympodialis was transformed through Agrobacterium-tumefaciens mediated 593 transformation following our previously published method 19 . Transformants were selected on 594 mDixon supplemented with nourseothricin (100 µg/ml) or neomycin G418 (100 µg/ml), and 595 cefotaxime (350 µg/ml) to inhibit Agrobacterium growth. Transformants were purified to single 596 colonies, and subjected to phenol-chloroform-isoamyl alcohol (25:24:1) DNA extraction 61 . The 597 correct replacement of the YHB1 target locus, as well as integration of the reconstitute versions 598 of the YHB1 and YHB101 genes, were assessed by PCR. Primer sequences are listed in Table S2 . 599 than 50 µL interfered with the NO signal baseline, and therefore amounts ranging from 10 µL 644 (2.3 x 10 6 cells injected) to 50 µL (1.15 x 10 7 cells injected) of Malassezia cellular suspensions 645 were utilized. For M. nana injections of 15 µL (2.25 x 10 6 cells injected), 30 µL (4.50 x 10 6 cells 646 injected) and 45 µL (6.75 x 10 6 cells injected) were performed. For technical reasons (i.e. 647 presence of clumps, non-resuspended cells, and cultures too dense for the syringe needle) we 648 found that the indicated range of cell counts were optimal to obtain results that were clean and 649 reproducible. ATCC42132 with and without 10 mM NaNO2, and M. sympodialis yhb1Δ mutant were grown 669 for ON on shaking culture at 30°C. Cells were pelleted at 3,000 rpm in a table top centrifuge for  670 3 minutes, washed with 10 mL dH2O, and the cell pellet was lyophilized and stored at -80°C 671 until RNA extraction. Cells pellets was broken with sterile beads and RNA extracted with 672 TRIzol (ThermoFisher) according to the manufacturer's instructions. Final RNA pellets were 673 treated with TURBO DNase (ThermoFisher, catalog # AM2238) according to manufacturer's 674 instructions, and RNA was resuspended in 50 μ l of nuclease free water. Illumina 50 bp single 675 end libraries were prepared using the TruSeq Stranded Total RNA-seq Kit and subjected to 676 Illumina sequencing. Library preparation and RNA sequencing was performed at the Duke 677 University Center for Genomic and Computation Biology. Three biological replicates were 678 performed for each sample. 679
After sequencing, Illumina raw reads were trimmed with Trimmomatic to remove 680
Illumina adaptors 65 and mapped to the most recent M. sympodialis reference genome 66 using 681
HiSat. Generated .bam files were used to run StringTie with the M. sympodialis annotation as 682 guide, and the -e option to provide the correct output for the statistical analysis 67 . Read count 683 information for statistical analysis were extracted using a provided python script (prepDE.py). 684
DESeq2 was used to determine the differentially expressed genes (DEGs) as having 685 FDR < 0.05 and log 2 FC ± 0.5. StringTie and DEseq2 were run on Galaxy 68 . Functional 686 annotation of the DEGs was performed using the Blast2GO pipeline, which includes the 687 BLASTx against the NCBI non-redundant protein database, gene ontology (GO) annotation and 688
InterProScan 69 . Venn diagram to identify DEGs in common between the two comparisons were 689 generated using the following web server (http://bioinformatics.psb.ugent.be/webtools/Venn/). 690 691 Flavohemoglobin purification and crystal structure. The pET28a construct expressing His-692
Tev-YHB101 2-395 (nomenclature relative to SSGCID subfeature MayaA.00765.a) was 693 generated via Gibson assembly as follows. Overlap PCR was used to generate the final PCR 694 product (1305 bp), which was generated from two smaller PCR products: the first PCR product 695 (110 bp) was generated using 20 ng of an unrelated gene as template (amplifying the N-term 696 8XHis-Tev tag) with primers CID101552_PCR1_For and CID101552_PCR1_Rev, which add a 697 26 bp 5 Gibson overlap (homologous with the NcoI-cut end of pET28a) and a 26 bp 3 698 overlap with the 5 end of the second PCR product. The second PCR product (1221 bp) was 699 generated by PCR using 20 ng M. yamatoensis DNA as template (amplifying the YHB101 coding 700 region) with primers CID101552_PCR2_For and CID101552_PCR2_Rev, which add two stop 701 codons and a 30 bp Gibson overlap (homologous with the HindIII-cut end of pET28a) at the 3 702 end. The two PCR products were gel-purified on a 1% agarose gel (in 1X TBE + 1X Sybr Green) 703 and 20 ng of each purified PCR was combined and used as template to generate the final PCR 704 using outer flanking primers (CID101552_PCR1_For and CID101552_PCR2_Rev). All PCRs 705 were performed on an ABI Geneamp 9700 using KOD polymerase in the following conditions: 706 initialization at 94°C for 5 min, followed by 28 cycles of denaturation at 94°C for 30 sec, 707 annealing at 65°C for 1 min and extension at 72°C for 1.5 min, followed by a final extension step 708 at 72°C for 7 min. 709
The resulting amplicon (CID101552_Final) was cloned into the NcoI/HindIII-digested 710 pET28a via Gibson assembly according to manufacturers' instructions, and transformed into 711
Escherichia coli TOP10 cells with YT + 50 µg/ml kanamycin for selection. One clone that 712 contained no sequence errors was identified, and the DNA was used to transform E. coli 713 BL21(DE3) cells, which served as starting material for expression studies. (1 × 10 5 /well) were added to 96-well plates and activated by addition of either 1) 10 nM 769 phorbol myristate acetate (PMA) and incubated for 1 h at 37 °C with 5% CO 2 , 2) 100 U/mL 770 interferon-γ and LPS (0.6 µg/mL) and incubated overnight at 37˚C 5% CO 2 . Two days old 771 cultures of M. sympodialis were washed twice with sterile water, and resuspended in RPMI + 772 human serum 20 % for opsonization for 2 h at 37˚C. M. sympodialis cells were washed three 773 times with water, resuspended in DMEM and added to the macrophages at a 1:1 yeasts: 774 macrophages ratio. Plates were incubated for 2 h at 37 °C in 5% CO2, then the co-cultures 775 were washed three times with PBS to remove yeasts that were not internalized, and the plate was 776 incubated at 37 °C in 5% CO2 for 18 h. Yeast cells were collected by lysing macrophages, and 777 from each condition a 1:20 dilution was plated on mDixon agar and incubated at 30 °C for 3-5 778 days to determine yeast survival. 779
For in vivo infection experiments, WT C57BL/6j mice were purchased from Janvier Elevage. 780
Nos2-/-mice 83 were obtained from Nicolas Fasel (Lausanne). Mice were maintained at the 781 Laboratory Animal Science Center of University of Zurich, Zurich, Switzerland and used at 6-12 782 weeks in sex-and age-matched groups. Epicutaneous infection of the mouse ear skin was 783 performed as described previously 5,84 .Briefly, Malassezia strains were grown for 3-4 days at 784 30°C, 180 rpm in liquid mDixon medium. Cells were washed in PBS and suspended in native 785 olive oil at a density of 20 OD A600 /mL. 100 µl suspension (corresponding to 2 OD A600 ) of yeast 786 cells was applied topically onto the dorsal ear skin that was previously barrier-disrupted by mild 787 tape stripping while mice were anaesthetized. For determining the fungal loads in the skin, tissue 788 was transferred in water supplemented with 0.05% Nonidet P40 (AxonLab), homogenized and 789 
